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Abstract
We investigated whether the development of the vertebrate crystalline lens is sensitive to visual input. The optical properties of
fish lenses were examined as a function of lens size and the optical rearing conditions. Fish (Haplochromis burtoni, Cichlidae) were
reared in white light (control group), under spectral deprivation (monochromatic lights), deprivation of the cone system (scotopic
illumination), and complete visual deprivation (darkness). Longitudinal spherical aberrations (LSAs) and refractive index profiles
of the lenses were measured with thin laser beams. The performance of the lens was modeled by ray-tracing calculations from
measured LSAs. In lenses from the control group, LSA and f:R (focal length relative to lens radius) decreased as a function of
age. The optical properties of the lenses were modified after rearing in darkness, scotopic illumination, and in monochromatic
lights due to changes in the refractive index profile. Rearing in darkness and scotopic illumination reduced the optical quality of
the lens. In animals reared under spectral deprivation, the lens did not create well-focused images for all spectral cone types in
the same plane, as it does in animals reared in white light. We conclude that visual input seems to play an important role in the
development of the lens. The control mechanisms remain unknown © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Refractive state of the vertebrate eye can be influ-
enced by the visual environment during development.
Effects on the growth of the ocular globe and:or on the
curvature of the cornea have been demonstrated in a
variety of species (e.g. Sherman & Norton, 1977; Wiesel
& Raviola, 1977; Wallman, Turkel, & Trachtman,
1978; Wiesel and Raviola, 1979; Gollender, Thorn, &
Erickson, 1979; Kirby, Sutton, & Weiss, 1982; Nathan,
Crewther, Crewther, & Kiely, 1984; Gottlieb, Fugate-
Wentzek, & Wallman, 1987; Wallman, Gottlieb, Ra-
jaram, & Fugate-Wentzek, 1987; Schaeffel, Glasser, &
Howland, 1988; Schaeffel, Troilo, Wallman, & How-
land, 1990; Irving, Sivak, & Callender, 1992; Kro¨ger &
Wagner, 1996). Results obtained from the chick eye
suggest that during emmetropization, i.e. the fine-tun-
ing of the refractive state of the eye towards
emmetropia, the average power of the crystalline lens is
constant while eye size and the spacings of the optical
elements of the eye are adjusted to the visual needs of
the animal (Schaeffel & Howland, 1988; Sivak, Ryall,
Weerheim, & Campbell, 1989). Here we investigated
changes in the fish crystalline lens with age and rearing
condition, and whether changes in the lens could also
produce changes in the optical function of the eye.
Vertebrate crystalline lenses have an internal gradient
of refractive index which reduces aberrations, most
notably spherical aberration, and increases the mean
refractive power of the lens (Campbell & Hughes,
1981). This gradient achieves its maximum in the eyes
of fishes where the lens is spherical. The focusing ability
of the typical fish eye almost exclusively resides in the
lens, since the contribution of the cornea is negligible in
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water due to the similarity in refractive index
(Matthiessen, 1886). Additionally, focal length relative
to lens size is short, usually in the range of 2.2–2.8 lens
radii (Fernald, 1988). The refractive index profile of the
lens therefore is steep to achieve such high refractive
power. Due to a small f-number (focal length divided
by the diameter of the aperture) the defocusing effect of
the longitudinal chromatic aberration (LCA) by far
exceeds the depth of field of the fish eye. To make color
vision with reasonable spatial resolution possible, fish
lenses have longitudinal spherical aberrations (LSA)
which produce caustics (regions near the focal point of
the lens) of complex shapes which lead to multiple focal
points in monochromatic light. Because of LCA, each
of these focal points coincides with the retinal plane at
a different wavelength. The spacings between the focal
points are such that in full-spectrum illumination there
is a well-focused image for each spectral cone type
(Kro¨ger, Campbell, Fernald, & Wagner, 1999a). The
tuning of the focal lengths to the species-specific com-
plement of spectral classes of cone necessitates exact
control over the refractive index profile. Fishes are
therefore well suited for the study of mechanisms that
control the optical development of the crystalline lens,
since small changes in the refractive index profile have
large effects on image quality.
Haplochromis burtoni from Lake Tanganyika (Fer-
nald & Hirata, 1977) was chosen for this study since the
species critically depends on color vision for social
interactions and other tasks (Fernald, 1977, 1984). Con-
spicuous body color patterns, which serve as important
social signals, correlate with a sophisticated, trichro-
matic visual system (Fernald & Liebman, 1980; Fer-
nald, 1981; Allen & Fernald, 1985). Furthermore, the
optical properties of the radially symmetrical lenses of
H. burtoni reared in white light regimes have been
investigated in detail (Fernald & Wright, 1985; Kro¨ger,
Campbell, Munger, & Fernald, 1994; Kro¨ger & Camp-
bell, 1996; Kro¨ger et al., 1999a).
We measured refractive index profiles and LSAs in
two, partially overlapping sets of lenses. First, we stud-
ied lenses of different sizes to investigate the effects of
lens growth in animals reared under white light. Sec-
ond, fish were reared in constant darkness, scotopic
illumination, three monochromatic lights, and in white
light to address the question of whether the develop-
ment of the lens is sensitive to visual input.
2. Materials and methods
2.1. Animals
The animals used in this study were bred from a
laboratory population drawn from a large and diverse
founder population (Fernald & Hirata, 1977). Inbreed-
ing has been largely avoided since then. All fish were
kept at 27°C, pH 8.0–8.5. The age range was from the
age of sexual maturity (approx. 3 months) to about 3
years of age, which is approx. half the maximum
lifespan of H. burtoni. Age related deterioration of lens
quality can therefore be excluded. One set of aquaria
was illuminated with full spectrum fluorescent tubes
(Spectralite). Light intensity was two to three orders of
magnitude above photopic threshold (Fig. 1). These fish
were used to study the effects of growth on the refrac-
tive properties of the lens.
Fig. 1. The absorption spectra of the three cone types of H. burtoni
(left vertical axes, thin lines) and the spectral light intensity distribu-
tions in the aquaria (right vertical axis, bold lines). Broken lines
indicate threshold stimulus irradiances for photopic and scotopic
vision. Upper curves: the spectral location of the ‘green’ light was
chosen such that it fell between the absorption spectra of the short-
wave and long-wave sensitive cones, giving about 80% of the maxi-
mum stimulation to the middle-wave sensitive cones. The other two
monochromatic lights were chosen to give about the same amount of
stimulation to the short-wave and the long-wave sensitive cones as the
middle-wave sensitive cones received by the ‘green’ light. The upper
two spectra were measured for halogen light filtered through 10 cm of
water and for full spectrum fluorescent tubes (Spectralite). Lower
curves: due to low-power operation of the green light-emitting diodes
used for scotopic illumination, their spectrum was somewhat red-
shifted and did not match the peak absorbance of the rods very well.
The maximum difference between scotopic threshold and light inten-
sity could nevertheless be adjusted to about one order of magnitude,
while keeping maximum intensity about two orders of magnitude
below photopic threshold.
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For the study of effects of the lighting condition,
additional aquaria were placed in light-tight boxes
which allowed the stringent control of the light environ-
ment. At day 3 after fertilization (Hagedorn & Fernald,
1992) eggs were taken from the mouth-brooding fe-
males and placed under the chosen lighting conditions.
At this stage the eye is still entirely transparent with no
pigments present. The embryos were artificially incu-
bated for about 10 more days until the young animals
were able to swim on their own. The fish were main-
tained for about 10 months before measurements were
performed. All fish in illuminated aquaria were in a
12 h–12 h light–dark cycle. There were seven different
rearing groups:
Control group. Fish were maintained in aquaria illu-
minated with the broad spectrum light of halogen
lamps. A 10 cm water filter was used to remove
infrared and ultraviolet radiation. Light intensity in
mid-water of the aquarium was three to four orders
of magnitude above photopic threshold (Fig. 1). Ad-
ditional fish of the same age were maintained under
full spectrum fluorescence light (Spectralite). Since
there were no detectable differences between these
sub-groups, the data were pooled in the analysis to
constitute a large white light control group (‘white’).
Monochromatic light groups (‘blue’, ‘green’, ‘red’).
Three groups of fish were kept in aquaria illuminated
with lights of narrow spectral bands produced with
10 nm bandwidth interference filters in combination
with halogen lamps. The transmissions of the inter-
ference filters were matched to the absorbances of the
cone photoreceptor pigments such that in each group
one type of cone received about the same amount of
stimulation as the other cones in the other groups,
with as little overlap as possible. Light intensities
were approximately the same in all three boxes and
about one order of magnitude above photopic
threshold (Fig. 1).
Scotopic illumination group (‘dim’). This group of fish
was kept in very dim light produced by light emitting
diodes placed in the roof of one box about 45 cm
above the water surface in the aquarium. Light inten-
sity was adjusted to one order of magnitude above
scotopic threshold, which is at least two orders of
magnitude below photopic threshold (Fig. 1).
Darkness group (‘dark’). One group of fish was reared
in an aquarium in a light-tight box with no light
source.
The inside of the box housing the darkness group
was painted flat black. The insides of all other boxes
were painted flat white. Light distribution across the
aquaria was made as even as possible by diffusors in
front of the light sources. For further details on the
rearing conditions and light intensity measurements see
(Kro¨ger & Fernald, 1994).
2.2. Measurements
Fish were transported from the Institute of Neuro-
science (Eugene, OR, USA) to the School of Optometry
(Waterloo, Ont., Canada) where the measurement ap-
paratus and image processing system used in this study
were located, and kept there in the light of full spec-
trum fluorescent tubes. Measurements were begun the
day after arrival and were completed within 3 weeks.
Only fish that appeared healthy by visual inspection
were used. One fish at a time was sacrificed by rapid
decapitation and the lens of one eye was immediately
excised to determine either its refractive index profile or
its spherical aberration. The second lens was excised
about 1–2 h later and treated in the same way as the
first lens.
To measure the refractive index profile, thin, parallel
beams of red laser light (HeNe, l633 nm) were shone
through a meridional plane of the lens, which was
suspended in a solution of saline and polyvinylpyr-
rolidone (Campbell, 1984). The refractive index of this
solution (1.361 at 633 nm) matched the surface index of
the lens (Kro¨ger et al., 1994). We assumed, for reasons
given in the discussion, that the refractive index of the
surface of the lens is independent of lens size and light
regime during development. Lens shape and the paths
of 70–100 beams before and after deflection by the lens
were recorded with an image capturing and processing
system. Since the lens of H. burtoni is spherical with a
radially symmetrical distribution of refractive index
(Kro¨ger et al., 1994), the refractive index profile can be
calculated from the entrance positions y, i.e. the lateral
distances between the optical axis and the entrance
beams, and the angular differences between entrance
and exit beams F(y) (Chu, 1977; Campbell 1984). Since
the analysis of the deflection data includes a numerical
integration (Chu, 1977; Campbell, 1984; Kro¨ger et al.,
1994) discrete data points for F(y) had to be trans-
formed into a continuous deflection function. We used
linear interpolation between data points for that pur-
pose. One hundred data points were calculated for each
refractive index profile and the 101st data point was
given by the surface index of the lens. If the refractive
index (n) as a function of radial position in the lens (r)
was expressed in percent lens radius, the data points for
n(r) were equally spaced in all refractive index profiles
(Kro¨ger et al., 1994), such that n(ri) could be compared
between lenses, with 15 i5101.
To measure the spherical aberration, the lens was
suspended in 0.9% saline (n1.334 at 633 nm). Lens
size and the paths of the beams before and after
deflection by the lens were recorded with the same
image capturing system as for measurements of the
refractive index distribution. Back vertex distances
(BVDs) of the exit beams, i.e. the distance between the
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posterior vertex of the lens and the crossing of the
optical axis by the measured beam, were determined as
a function of beam entrance position [BVD(y)]. Before
further analysis, the two halves of each lens were
averaged by using linear interpolation between data
points. Averaging the two halves of a lens removes
artificial asymmetry in the spherical aberration that
stems from measurement error in the position of the
axis of symmetry (Campbell, 1982). Interpolation al-
lowed the calculation of the BVDs for beam entrance
positions evenly spaced by 1% lens radius in all lenses.
All BVD values were plotted as a function of normal-
ized lens radius R (from 0 to 1). This is a measure of
longitudinal spherical aberration (LSA).
Both immersion media were adjusted to an osmolar-
ity of 290–305 mosmol, pH 7.0–7.5, and were used at
room temperature. The measurement system and the
methods of data analysis for both types of measure-
ments are described in more detail elsewhere (Camp-
bell, 1984; Kro¨ger et al., 1994).
2.3. Ray-tracing model calculations
To model the performance of fish lenses, we used a
two-dimensional ray-tracing model (Kro¨ger et al.,
1994). The lens was represented in the model as a
structure with concentric, iso-indicial layers. Refraction
of a ray of light was calculated from layer to layer using
Snell’s law. The ray-tracing program interpolated be-
tween the 101 data points of a refractive index profile
using a cubic spline and assigned refractive indices to
30,000 layers to simulate a locally smooth gradient. In
order to increase accuracy in the periphery of the lens
where the gradient of refractive index is steep, the
spacings between layers followed a parabolic function
such that many thin layers were placed into the
periphery.
The paths of beams deflected by the lens were known
from the measurements of LSA and independently
from model calculations. The distribution of light on
planes at different distances from the lens could thus be
determined by simple geometric ray-tracing (Kro¨ger et
al., 1999a). The effective aperture of the fish lens was
set to 1.9 lens radii (R) since most of the energy of rays
with entry position larger than 0.95R is reflected
(Sroczyn´ski, 1976). Focal length of the H. burtoni lens
is about 2.3R at 633 nm (Kro¨ger et al., 1994). The
diameter of the Airy disc in diffraction limited optics
would thus be 0.001R at 350 nm and 0.002R at 700 nm.
The sampling interval in an image plane was set to an
intermediate value (0.0015R) in all calculations.
3. Results and analysis
To determine the sources of variability, we averaged
Fig. 2. The relationship between lens size and refractive indices in the
H. burtoni lens. Refractive index in the same relative position in-
creases with increasing lens size. 100 lines of regression (only six are
shown) were fitted to the data and used to interpolate refractive index
profiles for lenses of any chosen size within the size range of the
studied lenses. Note the increase of refractive indices with increasing
lens size in the central regions of the lenses. The slope numbers
represent the slopes multiplied by 103.
the variances of the measured LSAs and refractive
index profiles across lens radius. From those values, we
calculated the mean inter-animal variances (after aver-
aging the results from both lenses of each fish) and
mean intra-animal variances (between both lenses of
each fish). In the animals of similar sizes used to
determine the effects of the visual environment, the
inter-animal variances were smaller than the intra-ani-
mal variances (e.g. ‘white’ group: LSA: inter0.0032,
intra0.0049; refractive index profile: inter4.6
106, intra1.1105). This indicates that measure-
ment uncertainties rather than inter-individual
differences were the main source of variation. All data
were therefore treated as independent measurements.
3.1. Effects of growth
A total of 35 refractive index profiles were deter-
mined for the lenses of 21 fish reared in white light.
Lens radius ranged from 0.566 to 1.525 mm. Larger
lenses had higher refractive index in the central region
(Fig. 2). Refractive index at the ith measurement posi-
tions in the lenses can be well described as linear
functions of lens size (Fig. 2). Therefore, linear regres-
sion was used to describe the change in refractive index
at corresponding normalized radial positions, ri, as a
function of lens size in the form of
n(ri, R)Rmibi (1)
where R is the lens radius, mi is the slope, and bI is the
intercept of the ith line of regression. The slopes of the
lines of regression were significantly (pB0.05,
ANOVA) higher than zero between 0 and 0.62R, and
R.H.H. Kro¨ger et al. : Vision Research 41 (2001) 549–559 553
Table 1
Lenses of similar sizes were selected to study the effects of the different lighting conditions during development on the refractive index profile and
the spherical aberration of the H. burtoni lens
Type of illumination Type of measurement
Spherical aberrationRefractive index profile
Average lens radius (mm) N Average lens radius (mm) n
20 1.10490.1201.22890.153 21‘White’
1.23790.045‘Blue’ 8 1.24190.011 6
8 1.17190.077‘Green’ 61.24090.044
8 1.27290.0551.23790.025 6‘Red’
1.14290.082Scotopic illumination 6 1.16290.106 6
Darkness 1.07790.036 12 1.09790.021 8
not significantly different from zero in the periphery of
the lens.
The measured refractive index profiles of all lenses
can be converted to that of a lens of any radius X
within the range of the radii of the lenses used in this
study with
n(ri, X)  n(ri, R)measuredmi(XR) (2)
When all measured refractive indices from fish reared in
white light were converted with Eq. (2) using X1.2
mm, which is about the mean radius of all lenses used
in this part of the study (Table 1), those size-corrected
refractive indices showed less variation than the raw
data (Fig. 3), indicating that some of the variance was
due to size-related differences.
By using the linear regressions for the relationship
between lens size and the refractive index at corre-
sponding positions in the lenses, a representative refrac-
tive index profile could be interpolated for a lens of any
chosen size within the range of lens sizes investigated in
this study. Interpolated profiles are more accurate than
individual, measured profiles since they are based on a
larger number of measurements. With Eq. (1) we deter-
mined representative refractive index profiles for the
largest and the smallest lens in our sample. As expected
from Fig. 2, the resulting profiles were very similar
between 100% and about 85% lens radius, but then
diverged centralward (see inset in Fig. 3). The central
index in the smallest lens was about 0.008 lower than in
the largest lens. Slight depressions in the refractive
index profiles were present at the same relative radial
position irrespective of lens size (arrowheads in Fig. 3).
In lenses of animals reared in white light, these depres-
sions are correlated with structure in the LSA curve
(Kro¨ger et al., 1994)
The optical consequences of size-related differences
in the refractive index profiles were studied in a ray-
tracing simulation. The LSA of larger lenses is
smoother and relative focal length is shorter (Fig. 4).
However, LSA of complex shape was present in all
lenses. Although there is close agreement between mod-
eled and measured LSA (Kro¨ger et al., 1994), it was not
possible to predict LSAs in such detail that the multiple
focal lengths of the lenses became as evident as from
measured LSAs.
In additional sets of ray-tracing simulations we ad-
dressed the question of whether the observed difference
in f:R between small and large lenses could be due to a
change in surface index rather than differences in cen-
tral indices. Two possible scenarios of differences be-
tween small and large lenses were investigated, using
100 rays in each calculation. First, the central index
Fig. 3. Refractive index in the H. burtoni lens decreases from the
center to the surface of the lens from about 1.54 to 1.361. The black
area is the range of standard deviations, dots mark the mean refrac-
tive indices. Curve (A) shows the averaged raw data, while curve (B)
shows the average refractive index profile after all profiles from fish
reared in white light had been converted to a lens radius of 1.2 mm
with Eq. (2). The spread in the latter data is reduced in comparison
with the raw data (average SD 0.0023 vs. 0.0029), indicating that at
least some of the variation in refractive indices related to lens size has
been removed. The inset shows refractive index profiles which were
interpolated by using Eq. (1) for the largest and the smallest lens in
the size range of the lenses of fish reared in white light. Note that
refractive indices are higher in the central region of the larger lens.
The central indices differ by about 0.008. Slight depressions in the
refractive index profiles (arrowheads) are at about the same relative
radial locations irrespective of lens size.
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Fig. 4. Spherical aberration curves (back vertex distances, BVD,
normalized to lens radius R, vs. normalized ray entrance position)
calculated from the refractive index profiles as shown in the inset of
Fig. 3 for the largest and the smallest lens. Since spherical aberration
is symmetrical to the optical axis, only one side is shown. Relative
focal length is shorter in the larger lens. Furthermore, there is
structure in the spherical aberration curves irrespective of lens size.
Fig. 5. The profile of a reference lens of 1.2 mm radius (A, stippled
line) was modified by linear stretching or shrinking along the refrac-
tive index axis and by shifting it up or down (A, dashed lines).
Calculated spherical aberrations with the surrounding index set to
1.334 show that a difference in surface index of 0.02 induces differ-
ences in BVDs of about 0.01R over most of the aperture (B, dashed
lines), similar to the differences in focal length observed between
small and large lenses. Near the edge of the lens, however, the curves
have different inclinations, which is unlike the differences between the
modeled spherical aberrations of small and large lenses (compare
with Fig. 4). If measurements of refractive index profiles are simu-
lated by setting the surrounding index to 1.361, refractive index
profiles recalculated from modeled ray paths are very similar to the
original, modified profiles (A, continuous lines). Notable differences
in refractive index are restricted to the periphery of the lens, in
contrast to the observed differences between small and large lenses
(compare with Fig. 3). Differences between spherical aberrations
calculated from the modified (B, dashed lines) and from the recalcu-
lated profiles (B, continuous lines) are also small, indicating that the
method is robust to moderate errors in surface index.
remained unchanged while more peripheral indices were
increased or decreased by linearly shrinking or stretch-
ing, respectively, the index profile along the n-axis.
Second, all indices were increased or decreased by the
same amount. The refractive index profile of a medium
sized reference lens of 1.2 mm radius was modified such
that the surface index was 0.01 higher or lower than the
measured surface index of 1.361 (Fig. 5A). With the
modified profiles, a first set of model calculations was
performed with the lens immersed in a medium of
n1.334 to study the effects on focal length and on
spherical aberration. In a second set of model calcula-
tions, the index of the surrounding medium was set to
1.361 to simulate measurements of refractive index
profiles with index mismatches between the lens surface
and the immersion medium. The modeled ray paths
were analyzed like measured beam paths to determine
whether measurements of central indices are affected by
an index mismatch at the lens surface. In a third set of
model calculations the refractive index profiles recalcu-
lated from the simulated measurements were used to
model spherical aberrations as they would be predicted
from measurements of refractive index profiles with lens
surface indices that are higher or lower than the index
of the immersion medium.
Introducing a difference in surface index of 0.02 (Fig.
5A) produced a shift of about 0.01R in paraxial focal
length as well as in BVDs of rays with entrance posi-
tions of up to about 0.6R. For more peripheral beam
entrance positions, the differences in BVDs were more
dramatic (Fig. 5B). The results of the model calcula-
tions also show that a moderate mismatch in refractive
index between the lens surface and the immersion
medium influences refractive index measurements (Fig.
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Fig. 6. Refractive index profiles of lenses of fish reared in the various
light regimes (Fig. 1) have been converted to a lens radius of 1.2 mm
(Eq. (2)) and averaged (solid lines). They are compared with the
reference profile of a lens of 1.2 mm radius (dotted lines) that was
interpolated from the data of the ‘white’ group (Fig. 2, Eq. (1)). The
refractive index profiles of the darkness (‘dark’) and scotopic illumi-
nation (‘dim’) groups differ visibly (arrowheads) from the reference
profile. Although the refractive index profiles of the lenses of fish
reared in monochromatic lights (‘blue’, ‘green’, ‘red’) seem to be
similar to the reference profile, statistically significant differences were
present in the ‘blue’ and ‘green’ groups (Fig. 7).
groups had about the same central index and different
indices in the periphery (Fig. 6), a region where small
and large lenses of the control group had similar indices
(Fig. 3).
Spherical aberrations were measured in 16 lenses
from eight fish in the white light control group. To
increase the size of this group, we included the data of
five lenses from five fish in the same size range from an
earlier study (Kro¨ger et al., 1994) such that the white
light control group comprised 21 lenses from 13 ani-
Fig. 7. To demonstrate the differences in the refractive index profiles,
all measured profiles were converted to a lens radius of 1.2 mm with
Eq. (2). Thereafter, the reference profile for a lens of the same radius
(‘white’ group) was subtracted from all profiles to make the differ-
ences in refractive index independent of the absolute indices. Finally,
the 90% confidence intervals for the differences from the reference
profile were calculated and plotted for all rearing groups. Where two
confidence intervals do not overlap, the profiles are statistically
different on the pB0.05 level. The confidence interval of the ‘white’
group is plotted as the black area, the borders of the other intervals
are displayed as color-coded lines. (A) The profiles from the ‘blue’
and ‘green’ groups had statistically lower indices than the profiles in
the ‘white’ group at about 0.2R (circle). (B) The refractive index in
the darkness group was significantly lower than in the profiles from
the ‘white’ group almost along the entire lens radius (vertically
shaded area). In the scotopic illumination group, the refractive index
was significantly higher in the region around 0.4R (horizontally
shaded area).
5A) and predictions of spherical aberrations (Fig. 5B)
much less than one might expect. Notable differences
between the original and the recalculated spherical
aberration were restricted to the periphery of the lenses.
Differences in the surface index therefore cannot ex-
plain the differences in refractive index observed deep
within the lenses.
3.2. Effects of lighting conditions
To minimize possible masking effects of differences
due to lens size, we selected fish of similar sizes for the
study of the influence of lighting conditions on the
refractive index profiles. From the white light group,
only those lenses were included that came from fish of
the same age as the fish in the other light regimes. This
sub-sample of 20 lenses from 10 fish did not include
very small and very large lenses (Table 1). Differences
due to the remaining variation in lens size were at least
partially eliminated by using Eq. (2) to convert all
profiles to a lens radius of 1.2 mm.
At first sight, the mean refractive index profiles in the
monochromatic light groups are similar to the white
light reference profile (Fig. 6). However, the profiles
obtained from the ‘green’ and ‘blue’ groups were signifi-
cantly different (PB0.05) from the white light refer-
ence profile at about 0.18R (Fig. 7A). The mean profiles
in the ‘dim’ and ‘dark’ groups differed even more from
the reference profile (Figs. 6 and 7B). The lenses in the
‘dark’ group were not similar to young lenses from the
‘white’ group, since lenses of similar sizes from both
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Fig. 8. Mean measured longitudinal spherical aberrations (LSAs) in a
color-coded plot. The LSAs of animals reared under visual depriva-
tion conditions are different in shape from the LSA of the ‘white’
group. These data were used to determine the focusing properties of
the lenses (Fig. 9).
Fig. 9.
mals. Variances in the measured LSAs were higher than
in the refractive index profiles, since the former mea-
surements are sensitive to disturbances of the lens sur-
face. The differences between the LSAs obtained from
the various rearing groups (Fig. 8) were therefore not
statistically significant. However, there were obvious
optical differences: the focal lengths were poorly
defined in the ‘dim’ and ‘dark’ groups (Fig. 9). In the
‘blue’ and ‘red’ groups, the lenses were bifocal. In the
‘green’ group, the spacings between the focal lengths
did not match the differences in focal length due to
LCA between the wavelengths of maximum cone ab-
sorbance (Fig. 9).
4. Discussion
Our results indicate that the quality and relative focal
length of the lens change during growth and that visual
Fig. 9. Levels of retinal irradiance (monochromatic light) within a
circular area around the optical axis of a radius of 0.0015R were
derived from the averaged LSAs shown in Fig. 8 as a function of the
axial distance from the lens. Three well-defined peaks in the ‘white’
group mark the typical three, axially separated foci of the H. burtoni
lens (Kro¨ger et al., 1999a). Black dots mark the axial locations of the
foci predicted for optimal compensation of longitudinal chromatic
aberration (Kro¨ger & Campbell, 1996). With the retina at the loca-
tion indicated by the vertical stippled line (top graph), middle-wave
(green) light is focused on the retina by the middle focal point of the
lens. For long-wave (red) light, the refractive power of the lens is
somewhat lower and the anterior focal point is shifted away from the
lens to the axial position of the retina. The power of the lens is
considerably higher for short-wave (blue) light, which is focused on
the retina by the posterior focal point of the lens. In the ‘dim’ and
‘dark’ groups, the foci were shifted axially relative to the lens and to
each other, and were poorly defined. The animals in the ‘blue’ and
‘red’ groups had bifocal lenses. In the ‘green’ group, the spacings
between the three foci were not suitable for good compensation of
longitudinal chromatic aberration.
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deprivation appears to disrupt the tuning between the
multiple focal lengths and the absorbances of the spec-
tral cone types, which is necessary to compensate for
the defocusing effect of LCA (Kro¨ger et al., 1999a).
The optical properties of the fish lens therefore appear
to be fine-tuned during development by visual input. A
closed-loop feedback system may be involved. Precise
control of the refractive index gradient is also suggested
by the fact that the small indentations in the profile
remain in the same relative radial positions during
growth of the lens (Fig. 3). Those deviations from a
smooth profile move outward in step with lens growth.
Therefore, they cannot be due to the properties of
individual lens fiber cells, which cannot change position
in relation to neighboring cells. This suggests a specific
function rather than a defect. We presume that the
indentations mark the borders between the zones of
different focal lengths.
Although the differences in the profiles obtained
from the different rearing groups were small, the conse-
quences for lens performance were severe, as is illus-
trated by the ray-tracing calculations based on the
measured LSAs (Fig. 9). For appropriate lens function,
the refractive index profile therefore has to be adjusted
with great accuracy. It is an interesting question how
such accuracy can be achieved during constant growth,
in particular as the bulk of the lens fiber cells is ‘dead’,
i.e. they have lost all organelles including the nucleus.
Despite the inability of individual fiber cells to synthe-
size proteins and to generate energy, the refractive
index gradient is correctly maintained during growth of
the lens. Furthermore, the index profile does not simply
scale as a function of lens size but changes slightly to
give improving image quality as the lens grows.
Substances and signals can be exchanged within the
lens via gap-junctions and possibly other pathways of
cell-to-cell communication (Bassnett, Kuszak, Reinisch,
Brown, & Beebe, 1994; Kuszak, Novak, & Brown,
1995; Rae, Bartling, Rae, & Mathias, 1996). It is un-
known, however, how or whether signals from the
retina and:or the brain reach the lens. Such signals in
turn could influence the quality of the image. There is
evidence that neuroactive substances released in the
retina influence the optics of the lens. If the dopaminer-
gic system of the fish retina is selectively destroyed,
which depletes the eye of diffusing dopamine, the focal
length of the lens decreases (Kro¨ger, Hirt, & Wagner,
1999b). It is therefore conceivable that signalling sub-
stances released in the retina act on the optical proper-
ties of the lens, which is reached by diffusion. How or
if such compounds take effect in the lens and how
image quality is determined are questions which remain
unanswered to date.
To compensate for LCA, the lenses of the white light
group are multifocal, producing a relatively sharp im-
age on the retina for each of the cone types in white
light (Kro¨ger et al., 1999a). In monochromatic light, a
monofocal lens with good correction of LSA would
produce the best image for all spectral cone types, since
the LCA of the lens is irrelevant under such conditions.
Rather than having an ideal monofocal lens (no LSA),
monochromatically reared fish appeared to lose some
multifocality and become (on average) bifocal (‘red’
and ‘blue’) or trifocal (‘green’). The effects on the mean
focal length were minor (Fig. 9). Thus, only the fine
structure of the lens appears to be sensitive to visual
input.
4.1. Refracti6e index at the lens surface
The refractive index at the surface of the lens is
difficult to measure, since the gradient of refractive
index is steep in the periphery of the lens. The simu-
lated measurements with mismatches between the sur-
faces index of the lens and the index of the immersion
medium show that if the refractive index of the lens
surface is overestimated, i.e. the index of the immersion
medium is too high, the mismatch would result in a
characteristic indentation in the measured profiles close
to the lens surface (Fig. 5A). An index of the immersion
medium that is chosen too low would be much less
obvious. We do not expect notable variation of refrac-
tive index across the surface of the lens, since measured
refractive index profiles were independent of the axis of
measurement (Kro¨ger et al., 1994).
The physiologically active cells in the lens periphery
have to provide all necessities for the entire lens. Non-
specialized cells have protein concentrations of 15–17 g
per 100 ml cytoplasm and refractive indices of 1.361–
1.364 (at 590 nm; Barer, 1957, which is almost identical
to the values we found in the outer periphery of the fish
lens (Kro¨ger et al., 1994). It therefore seems likely that
the surface index of the lens is determined by the
minimum needs for protein contents of lens epithelium
cells and differentiating lens fibers. We have therefore
assumed that the refractive index of the surface of the
lens is independent of lens size and light regime during
development. Furthermore, our ray-tracing simulations
show that refractive index measurements are surpris-
ingly resistant to moderate mismatches between the
immersion medium and the lens surface (Fig. 5). It is
therefore unlikely that the observed changes in the
refractive index profiles are due to bias caused by
differences in surface index.
4.2. The control of lens growth
Large H. burtoni lenses have relatively shorter focal
lengths than small lenses, which is in agreement with
observations in pike (Sroczyn´ski, 1975) and perch
(Sroczyn´ski, 1979) that f:R and spherical aberration
R.H.H. Kro¨ger et al. : Vision Research 41 (2001) 549–559558
decrease with increasing size of the animal. Decreasing
f:R with increasing lens size was also found in the
South American cichlid fish Aequidens portalegrensis
(Baerends, Beunema, & Vogelzang, 1960). It appears to
be a general pattern that the relative focal length de-
creases and the optical quality of the lens increases with
increasing lens size in fish of the same species. In H.
burtoni, the decrease in f:R is due to a relatively steeper
refractive index gradient in larger lenses. The reduction
of spherical aberration is the result of a smoothing of
the refractive index profile as the lens grows (Fig. 3).
Visual feedback may be involved in this process, since
uncontrolled smoothing of the profile would abolish the
discrete focal lengths. Multifocal lenses are also present
in mammalian eyes with small f-numbers (Kro¨ger et al.,
1999a). Furthermore, central indices and the smooth-
ness of the refractive index profile increase in bovine
lenses with increasing size (Pierscionek, 1989). Those
similarities suggest that the development of the mam-
malian lens may be under the control of mechanisms
equivalent to those present in the fish eye.
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